The protein U1A is a component of the U1 snRNP, a subunit of the spliceosome, which splices most eukaryotic pre-mRNA. 1,2 U1A binds to RNA using an RNA recognition motif (RRM), which is one of the most common RNA binding domains. 3 Extensive structural determinations [4] [5] [6] [7] and biophysical experiments [8] [9] [10] [11] [12] [13] [14] [15] [17] [18] [19] [20] [21] [22] [23] have been used to investigate RNA binding by the N-terminal RRM of U1A, which has become a paradigm for recognition by single RRMs. In this communication, we describe an analysis of correlated inter-residue fluctuations within the complex formed between U1A and stem loop 2 of U1 snRNA based on molecular dynamics (MD) simulations. The results support the hypothesis that collective atomic fluctuations are indicative of cooperative effects and thermodynamic coupling.
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A series of recent studies [8] [9] [10] [11] [12] [13] [14] [15] have provided biophysical evidence for three cooperative networks of amino acid residues in U1A that play a role in binding and specificity. Showalter and Hall reported a study of cooperativity in the U1A-RNA complex, including an analysis of couplings based on reorientational eigenmode dynamics. 23 Moreover, Crowder et al. 16 have reported statistical covariance analysis 24 of 330 aligned RRM sequences (including U1A) that revealed an extensive network of positional pairs, some not directly in contact with bound RNA, that may influence RNA binding affinity and specificity. These studies indicate that RNA recognition not only is a result of direct interactions but also involves longrange cooperative effects not readily identified by a visual inspection of the crystal structure. We have previously reported both experimental and molecular dynamics (MD) simulations to probe structural adaptations and the energetic origins of affinity and specificity in the U1A-stem loop 2 RNA complex. [11] [12] [13] 21, 22 We report herein theoretical calculations aimed at accounting for, understanding, and predicting cooperative effects from MD simulations.
A MD trajectory (10 ns) has been performed on the U1A-RNA complex, 4 including explicit consideration of water and counterions using the AMBER suite of programs 25 and the parm96 force field. 26 The calculation of cross-correlations between atomic fluctuations from MD simulations is based on methods described previously 27, 28 and was used in this laboratory in early theoretical studies of HIV-1 protease. [28] [29] [30] The elements of the covariance matrix of atomic fluctuations (C ij , defined in Supporting Information) are presented on a two-dimensional grid. 28, 31 For ease of interpretation, the results are reduced to display correlations between amino acid or nucleotide subunits by averaging over backbone and all component atoms, respectively.
The covariance matrix for fluctuations as calculated from MD for the U1A-RNA complex is shown in Figure 1 . The dispersion of the data is a reflection of the superposition of results from each of the individual thermally accessible structures that comprise the equilibrium Boltzmann distribution. A considerable amount of collective fluctuations are revealed by the map and correspond to both through-space as well as contact interactions.
The regions of the grid which correspond to amino acid residues and nucleotides that have been experimentally implicated in cooperative networks of interactions are indicated in magentacolored rectangular boxes. Considering both contact and throughspace effects, the residues involved in strong collective atomic fluctuations correspond well to those observed to be a part of individual cooperative networks. [8] [9] [10] [11] [12] [13] [14] [15] 23 Beyond this, the MD results show cross-correlations predicting that the three observed networks are all components of one larger hyper-network. This reflects the overall dynamical integrity of the RRM and identifies correlated residues that have not yet been investigated by mutational studies.
The areas in Figure 1 corresponding to little or no collective fluctuations, indicated by white space on the map, are important to further clarification of the cooperative networks. For example, loop 3 has been shown to be involved in U1A-RNA cooperative networks; however, not all of the loop 3 residues reveal correlated fluctuations with all of the other residues. The Lys50-Gln54 residues of loop 3 are strongly correlated to Tyr13, while the Ser46-Leu49 and Met51 residues of loop 3 are strongly correlated with Gly53 and Gln54. These results and those in ref 23 provide an encouraging indication of the potential for using information on collective atomic fluctuations to map out and also predict cooperativity in protein-nucleic acid systems. An enlarged figure Magenta boxes indicate regions of the grid corresponding to residues and nucleotides implicated by biophysical studies as being involved in cooperative networks. [8] [9] [10] [11] [12] [13] [14] [15] Yellow boxes indicate positions of residues revealed to exhibit high covariance from the Crowder et al. 16 study of 330 RRMs. and detailed account of the correlations are provided as Supporting Information.
To provide validation of the link between cooperative effects and cross-correlated positional fluctuations in a completely independent manner, we have compared our results to those of Crowder et al., 16 who performed a statistical covariance analysis of 330 proteins containing RRMs and identified a network of covariant amino acid residues present within those RRMs. The Crowder et al. results revealed a number of positions of high covariance. We have indicated these positions for U1A in Figure 1 using yellow boxes for a comparison of the Crowder et al. results with those obtained in this study. There is a remarkable correspondence, with 96% of the calculated fluctuations in agreement with instances of high positional covariance. We find that 76% of the U1A residues that were identified in the Crowder et al. statistical covariance analysis exhibit fluctuational cross-correlations stronger than 0.50 in the MD results.
A preliminary consideration of the predictive aspect of this analysis is shown in Figure 2 , based on a 3D structural representation of U1A with the extent of cross-correlated fluctuations between covarying residues indicated. This type of presentation has been used in the analysis of allosteric effects in proteins by Young et al. 32 Fluctuations of residues that covary with those directly in contact with RNA (indicated by an asterisk) are shown in Figure  2 . While some of these have been examined experimentally, others such as Ile14 and Met82 have not yet been subjected to mutational analysis and are thus candidates for future experimental work. Note also that some but not all collective fluctuations indicated in Figure  1 appear as statistical covariance in the 330 RRMs, so that the predictive power of MD fluctuation analysis and the relationship between results specific to U1A and generic to RRMs remains to be fully clarified.
In summary, for the U1A-RNA complex, we have found that the results on collective atomic fluctuations from MD simulations agree well with experimentally observed cooperativities in U1A and the results of a statistical covariance analysis of 330 RRMs. The combination of MD and corresponding atomic fluctuation analysis is thus indicated to be a new and unique method for understanding and predicting cooperativity at the molecular level in protein-RNA binding. Implicit in our results is a link between MD simulation and structural bioinformatics. We have observed only a correspondence between collective atomic fluctuations and cooperativity, and a causal connection remains to be established.
However, the idea that thermodynamic coupling is linked to collective motions and cooperativity is quite plausible. This approach can be adapted to the study of cooperativity in protein-DNA, protein-protein, or any system on which MD can be successfully performed. 
